The clinical presentation of primary hyperparathyroidism (PHPT) varies widely, although the underlying mechanistic reasons for this disparity remain unknown. We recently reported that parathyroid tumors can be functionally segregated into two distinct groups on the basis of their relative responsiveness to ambient calcium, and that patients in these groups differ significantly in their likelihood of manifesting bone disability. To examine the molecular basis for this phenotypic variation in PHPT, we compared the global gene expression profiles of calcium-sensitive and calcium-resistant parathyroid tumors. RNAseq and proteomic analysis identified a candidate set of differentially expressed genes highly correlated with calcium-sensing capacity. Subsequent quantitative assessment of the expression levels of these genes in an independent cohort of parathyroid tumors confirmed that calcium-sensitive tumors cluster in a discrete transcriptional profile group. These data indicate that PHPT is not an etiologically monolithic disorder and suggest that divergent molecular mechanisms could drive the observed phenotypic differences in PHPT disease course, provenance, and outcome.
Introduction
Primary hyperparathyroidism (PHPT) is a common endocrine neoplastic disorder of calcium metabolism that occurs in 11-30 individuals per 100,000 in the U.S. (Wermers et al. 2006) . The disease can induce a broad spectrum of pathophysiological sequelae, including nephrolithiasis, neurologic symptoms, and reduced bone density (Bilezikian & Silverberg 2004 , AACE/AAES Task Force 2005 . Despite the variable clinical presentation of the disease, efforts to define the molecular mechanisms underlying PHPT phenotypic heterogeneity have been limited to date (Morrison et al. 2004 , Lee et al. 2016 . To address this issue, we developed a comprehensive clinical registry of PHPT patient information and related these data to live-cell functional assessment of parathyroid tumor biochemical signaling capacity. To measure calcium sensing capacity, we employed an ex vivo system we developed for quantitating cellular responsiveness to changes in ambient calcium concentrations (Koh et al. 2016a,b) . In this system, parathyroid tumor cells loaded with an intracellular fluorescent indicator (Fluo-4-AM) are challenged with varying levels of extracellular calcium, and intracellular calcium flux is detected in real time as a dynamic readout of signal transduction mediated through the calcium sensing receptor (CASR). The proportions of responding cells are plotted as a function of extracellular calcium concentration to generate a sigmoid doseresponse curve. The extracellular calcium concentration required to induce a half-maximal response (Ca EC 50 ) is calculated from the dose-response curve as an indicator of tumor calcium sensitivity. We have found that parathyroid adenomas segregate into two functionally distinct groups with respect to calcium responsiveness. We classify tumors with a Ca EC 50 greater than 3.0 mM as 'calcium-resistant', while those with a Ca EC 50 of less than 3.0 mM are annotated as 'calcium-sensitive. ' Using this approach, we showed that parathyroid tumors exhibiting calcium resistance were strongly associated with reduced bone density in patients with sporadic, non-familial PHPT (Weber et al. 2017) . The finding that attenuated calcium responsiveness in a subset of parathyroid tumors is selectively linked to clinically significant bone mineral density (BMD) loss suggests the existence of phenotypically distinct sub-classes of PHPT patients with differential disease courses and alternative underlying etiologies. To examine the molecular basis for variable calcium sensing in parathyroid tumor tissue that gives rise to these alternative phenotypes, we performed a transcriptional profiling study seeking to identify gene expression patterns that differentiate calcium-resistant and calcium-sensitive tumors.
Materials and methods

Human subjects procedures
All procedures using materials derived from human subjects were reviewed and approved by the Duke University Institutional Review Board (IRB). Parathyroid tumor sections were prepared from surgically resected tissue obtained from patients with non-familial, sporadic PHPT undergoing parathyroidectomy at Duke University Medical Center. Patients pre-operatively diagnosed with PHPT who were referred to Duke University Medical Center for surgical management were eligible for participation and enrolled after providing informed consent as described under IRBapproved protocol #Pro00046210. Pertinent pre-operative clinical information was obtained through review of Duke Maestro Care, an EPIC-based electronic health record, as well as outside clinical documents from referring providers.
RNAseq
Total RNA was extracted from freshly acquired parathyroid tumor specimens using a commercial reagent kit (Promega ReliaPrep RNA Tissue System, Z6110). Prior to sequencing, RNA integrity was verified using an Agilent 2100 Bioanalyzer (RIN > 9). RNA-seq data were processed using the TrimGalore toolkit (https://www. bioinformatics.babraham.ac.uk/projects/trim_galore/), which employs Cutadapt (Martin 2011) to trim low quality bases and Illumina sequencing adapters from the 3′ end of the reads. Only reads that were 20 nt or longer after trimming were kept for further analysis. Reads were mapped to the GRCh37v75 version of the human genome and transcriptome (Kersey et al. 2012 ) using the STAR RNA-seq alignment tool (Dobin et al. 2013) . Reads were kept for subsequent analysis if they mapped to a single genomic location. Gene counts were compiled using the HTSeq tool . Only genes that had at least 10 reads in any given library were used in subsequent analyses. Normalization and differential expression were carried out using the DESeq2 (Love et al. 2014) Bioconductor package with the R statistical programming environment (https://www.rproject.org/). The false discovery rate (FDR) was calculated using the Benjamini-Hochberg approach (Benjamini & Hochberg 1995 , Benjamini & Yekutieli 2001 to control for multiple hypothesis testing. The significance threshold for adjusted P-values was set at 0.01. Gene Set Enrichment Analysis (Mootha et al. 2003) was performed to identify differentially regulated pathways and gene ontology terms for each of the comparisons performed.
Proteomics
Formalin-fixed, paraffin-embedded 10 micron sections were prepared from each specimen as sample input sources. 250 ng of tryptic protein digest from each sample were analyzed using a nanoAcquity UPLC system (Waters) coupled to a Q Exactive Plus Orbitrap high resolution accurate mass tandem mass spectrometer (Thermo) via a nanoelectrospray ionization source. Raw data were imported into Rosetta Elucidator v4.0 software and aligned based on the accurate mass and retention time of detected ions. Relative peptide abundance was calculated based on area under the curve (AUC) measurements of aligned peak features across all runs. The dataset had 271,196 quantified features and 396,039 MS/MS spectra for sequencing. Peptides were matched against a custom Swiss-Prot database of unique human peptide sequences seeded with internal standard and contaminant protein controls along with an equivalent number of reversesequence decoy entries for false positive rate determination (40,546 total entries).
Nanostring data acquisition
Tumor sections were selected following histological review to confirm parathyroid adenoma tissue identity and adequate cross-sectional area for RNA extraction. RNA was prepared from 5 micron sections of formalin-fixed, paraffin-embedded parathyroid tumor sections using the Qiagen RNeasy commercial reagent kit (Qiagen, 73504), substituting the included proteinase K with a proteinase K solution acquired from Roche (Roche 03115836001) as recommended by Nanostring. RNA was evaluated using an Agilent 2100 Bioanalyzer G2939A instrument and an RNA Nano Chip for quantitation and quality control assessment. DV200 smear analysis was performed to verify that all samples met the quality control criteria of >50% of the total RNA content being greater than 200 nt in length. Gene expression was evaluated using the Nanostring nCounter platform (Geiss et al. 2008) . 200 ng of isolated total RNA was hybridized to capture and reporter probes for a minimum of 16 h at 65°C, according to the standardized Nanostring protocol. Data were normalized to the mean of assay positive controls as well as the mean of housekeeping gene internal standards (B2M, G6PD, GAPDH, PGK1) incorporated into the codeset design.
Nanostring data analysis
The raw NanoString data were processed, underwent strict quality control, and were normalized using the NanoStringNorm package from the R statistical programming environment (Waggott et al. 2012) . In brief, samples were first removed if they had more than 90% missing data. The data were then normalized to eliminate systematic differences across the samples by using the geometric mean of the positive controls as a scaling factor. The samples then underwent background correction by removing the mean plus two standard deviations of the negative controls from the signal. The samples then were re-normalized for RNAconcentration by generating a scaling factor from the geometric mean of the housekeeping genes. Individual expression values for genes that were below 1 were set to a value of 1. Genes whose expression values were below 1 in all samples were removed prior to clustering. Expression values for each gene were then log2 transformed followed by z-score transformation across the samples. After transformation, both genes and samples were clustered using a correlation distance with complete linkage.
Results
Characteristics of the study population
The demographic, clinical, and biochemical characteristics of the 48 patients included in this study are summarized in Table 1 . Patients with calcium-resistant tumors (n = 27) were older and have a lower body mass index than those with calcium-sensitive tumors (n = 21). Race, sex, and ethnicity distributions did not differ between the two patient groups. As we reported previously, reduced bone mineral density (BMD) was strongly associated with tumor calcium-sensing status; patients with osteoporosis or osteopenia were much more likely to have calciumresistant tumors. The incidence of nephrolithiasis, pathological fracture, peptic ulcers, or multi-gland disease was not significantly different between the two patient groups. With respect to preoperative biochemical findings, patients with calcium-resistant tumors had higher serum calcium and ionized calcium levels, and significantly lower BMD as measured by skeletal T-score.
Comparative RNAseq analysis of calcium-resistant and calcium-sensitive parathyroid tumors
We initially performed a series of RNAseq and proteomics comparisons between calcium-resistant and calciumsensitive tumors. The specimens utilized for the RNAseq and proteomics assays were drawn from a consecutive series of non-familial sporadic PHPT cases whose demographic and clinical characteristics are not significantly different from the overall PHPT patient population at our institution. Equal numbers of calcium-resistant and calcium-sensitive tumors were included in each sample group. Consistent with our earlier findings, each patient in the calciumresistant sample group had reduced bone density. Six representative single gland parathyroid adenoma tumor specimens were selected for transcriptional profiling (Table 2 ). Using conservative estimates (false positive rate = 0.05; power = 0.8; sequencing depth to produce a minimum count of 200 per transcript; a coefficient of variation of 0.5; and a target effect size of 3-fold expression change between groups), a widely accepted statistical power model designed for RNAseq comparative expression studies (Hart et al. 2013) determined that the minimum required number of samples in each calcium response group is 3. All six specimens were pathologically confirmed as parathyroid adenomas, and all shared similar tumor architecture and histological appearance ( Supplementary Fig. 1 , see section on supplementary data given at the end of this article). Three of the tumors displayed normal calcium sensitivity (calcium EC 50 < 3.0) and were not associated with osteoporosis or osteopenia. Three other tumors were calcium-resistant (calcium EC 50 > 3.0) and derived from patients with bone mineral density deficit (osteoporosis or osteopenia) demonstrated by dual-energy X-ray absorptiometry (DXA). Using a FDR threshold of 5%, 128 genes were found to be differentially expressed between calcium-sensitive and calcium-resistant tumors, with 65 genes meeting a FDR threshold of 1% (Supplementary Table 1) . Of these genes, 28 were found to be expressed from 4-fold to as much as 20-fold higher in calcium-sensitive tumors than in calcium-resistant tumors (Supplementary Table 2 ). Ten genes were expressed from four-fold to 10-fold higher in calcium-resistant tumors than in calcium-sensitive tumors (Supplementary Table 3 ). Parathyroid hormone (PTH) was highly expressed at equivalent levels in all six tumors, confirming parathyroid tissue identity. Notably, CASR also was highly expressed at equivalent levels in both calcium-sensitive and calcium-resistant tumors ( Supplementary Fig. 2 ). 
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A heat map of genes differentially expressed (FDR ≤ 0.05) in calcium-resistant (high EC 50 ) vs calciumsensitive (low EC 50 ) tumors reveals distinct global transcriptional profiles associated with calcium sensing capacity, and by extension, with the clinical presentation of diminished BMD (Fig. 1) . The emergence of consistent transcriptional profiles correlated with calcium sensing functional response in human parathyroid tumors strongly suggests the existence of discrete and definable programs of gene expression linked to tumor behavior and PHPT patient bone density outcome.
Gene set enrichment analysis of RNAseq data
The RNAseq data were subjected to Gene Set Enrichment Analysis (GSEA) to identify pathways or functional groups associated with the high and low EC 50 transcriptional signatures (Mootha et al. 2003) . The MSigDB database of manually curated pathways (including KEGG and Reactome) and the Gene Ontology terms (GO) database were queried in parallel against the list of differentially expressed genes arranged in rank order of significance of differential expression and direction of change. 67 gene sets from the GO database and 126 gene sets from the MSigDB database were significantly enriched (P-value adjusted for multiple testing <0.01) in calcium-resistant tumors (Supplementary Table 4 ). Gene sets associated with mitochondrial function were significantly enriched (Normalized Enrichment Score ≥ 2.30) in calciumresistant tumors and dominated both the MSigDB curated pathways and GO database results. Twelve of the 20 most significantly enriched MSigDB pathways, including the top five, were associated with mitochondrial function, (Fig. 3) . In contrast, membrane trafficking proteins such as LIN7A (lin-7 homolog A) and the ECM proteins such as TNXB (Tenascin) are preferentially expressed in calciumsensitive (low EC 50 ) tumors (Fig. 4) .
Global proteomics comparison of calcium-resistant and calcium sensitive tumors
In parallel with these transcriptome studies, we performed quantitative one-dimensional liquid-chromatography tandem mass spectroscopy (LC-MS/MS) proteomics analysis in an independent sample set of parathyroid adenomas to identify proteins whose relative abundance differed between calcium-resistant and calcium-sensitive tumors. A group of three calcium-resistant tumors derived from PHPT patients with osteoporosis and three calciumsensitive tumors from patients with normal bone density were selected for comparison. The tumors all shared similar tumor architecture and histological appearance ( Supplementary Fig. 3 ). After annotation for a <1.0% peptide false discovery rate and filtering to remove low quality peptides, quantitative data were obtained for 18,844 peptides and 3274 proteins. The mean percent coefficient of variation (%CV) among triplicate repeats of an all-sample pooled protein injection was 8.9% for all proteins and 5.3% for proteins quantified by two or more peptides. The %CV between individual tumor samples, a measure of biological variability, was 54% for all proteins and 48% for proteins quantified by 2 or more peptides. These data indicate that technical reproducibility was high and that quantitative differences in protein abundance observed in this experiment are predominantly reflective of biological rather than technical variability.
To identify proteins differentially expressed in calcium-resistant vs calcium-sensitive tumors, we calculated fold-change ratios of average protein intensities between the two sample groups; 129 proteins were found to be differentially expressed (adjusted P-value for difference <0.05). The abundance of 43 proteins was found to be increased ≥2-fold in calcium-resistant tumors, with an average %CV of 8.8% across pooled technical replicates. 39 proteins were found to be ≥2-fold decreased in calcium-resistant tumors, with an average %CV of 8.0% across pooled technical replicates. In striking agreement with the RNAseq data, numerous mitochondrial proteins were significantly up-regulated in calcium-resistant (high EC 50 ) tumors. Mitochondrial 28S and 39S ribosomal subunits were enriched in calcium-resistant tumors (Fig. 5A) ; in contrast, cytoplasmic ribosomal subunits (40S and 60S) were equally abundant in both EC 50 groups (Fig. 5B) . Multiple additional proteins with 'mitochondria' in their gene ontology annotations or with known mitochondrial localization (e.g., sideroflexin-2, CDGSH iron sulfur domain-containing protein 1, and carnitine O-palmitoyltransferase 1) were preferentially expressed in calcium-resistant specimens (Fig. 5C ), consistent with elevated mitochondrial mass in these tumors.
Verification of differential gene expression candidates in an independent cohort of parathyroid tumors
To confirm the emergent gene expression patterns observed in these studies in a larger, unselected cohort of PHPT cases, we assembled a retrospective sample set of 48 formalin-fixed, paraffin-embedded (FFPE) parathyroid tumor specimens for multiplexed gene expression 
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p=6.92 E-5 q=0.012 C a -s e n s i t i v e C a -r e s i s t a n t C a -s e n s i t i v e C a -r e s i s t a n t C a -s e n s i t i v e C a -r e s i s t a n t C a -s e n s i t i v e C a -r e s i s t a n t quantitation using the Nanostring nCounter analysis system (Geiss et al. 2008) . The Nanostring platform utilizes digital color-coded barcode technology for direct quantitation of individual transcripts without enzymatic amplification, making it possible to assay FFPE-derived RNA that would otherwise be too fragmented for analysis by sequencing-based methods. We designed a custom Nanostring chipset to query 33 genes from each sample (Supplementary Table 6 ). The chipset included four internal positive controls known to be highly expressed in (PTH, CHGA, CASR) or restricted (GCM2) to parathyroid tissue, along with four housekeeping genes for signal normalization (B2M, G6PD, GAPDH, and PGK1). A total of 25 genes found in our RNAseq data to be differentially expressed between calcium-sensitive and calcium-resistant tumors were selected for the chipset. The primary inclusion criterion was strength of association with the calcium sensing phenotype as expressed by rank ordering each gene's adjusted P-values for linkage to calcium sensing status. Twelve genes expressed more highly in calcium-sensitive tumors were selected. These genes included the top seven with the smallest adjusted P-values (RGS2, P2RX2, ADD2, HPSE, LIN7A, SAMD11, and TNXB), and five additional strongly associated genes, each chosen as representative of pathways from which multiple genes were found to be associated with the calcium-sensitive phenotype (SLC8A1, MME, SORL1, DDX43, VCAN). Similarly, 13 genes expressed more highly in calcium-resistant tumors were incorporated into the chipset. These genes included the top eight with the smallest adjusted P-values (DIRC3, SPSB4, ATP5A1, SEC14L4, HYAL1, FRK, MAP7D2, and EFHD2) , and five additional strongly associated genes. Four of the five additional genes are mitochondrial pathway components (COX7B, CYCS, ATP5G3, and PCYT2). The fifth gene, RPH3AL, is a possible tumor suppressor protein known to play a regulatory role in calcium-dependent exocytosis in endocrine cells (Smith et al. 1999 , Cheviet et al. 2004 ).
Validation of Nanostring chipset
We first evaluated the Nanostring chipset and methodology in a series of control experiments to determine (1) technical reproducibility; (2) consistency of results from intact vs FFPE-derived RNA from the same tumor; and (3) concordance between Nanostring data generated from FFPE-derived RNA and tumor-matched RNAseq data. To assess reproducibility, linear regression curves were plotted comparing log2-transformed Nanostring expression data for the 33-gene chipset from technical replicates of FFPE-derived parathyroid tumor RNA isolates. Technical replicates were highly consistent and linear over more than four orders of magnitude (R 2 = 0.9966, P < 0.0001) ( Supplementary Fig. 4 ). By paired two-sided t-test, mean difference between replicates is 0.1124 (95% confidence interval: −0.023 to 0.237). RNA source bias was not a factor, as Nanostring expression data from tumor-matched freshly prepared intact RNA and FFPE-extracted RNA were highly correlated (R 2 = 0.9153, P < 0.0001) ( Supplementary Fig. 5 ). By paired two-sided t-test, the mean difference between these two sources is −0.5531 (95% confidence interval: −0.836 to −0.270). Finally, we compared log2-transformed expression data from FFPE-extracted RNA evaluated on the Nanostring platform to the corresponding RNAseq gene counts from the same tumor. The data from the two platforms were strongly concordant (R 2 = 0.8513, P < 0.0001) ( Supplementary Fig. 6 ). The mean of the differences between the two measures was 2.234 (95% confidence interval: 1.498-2.97).
With the performance of the platform and chipset validated, we employed the Nanostring system to evaluate 36 additional unselected parathyroid tumors. Of these samples, 13 had previously been determined to be calcium-sensitive, with 23 calcium-resistant. RNA was prepared from FFPE sections from each tumor, and expression of the 33 genes in our chipset was assessed. The raw RCC output data were normalized and background subtracted as previously described (Waggott et al. 2012) to generate a heat map of relative gene expression values.
Cluster analysis of Nanostring data
Unsupervised cluster analysis of these data revealed three groups of tumors (Fig. 6) . Cluster 1 consisted entirely of calcium-sensitive, low EC 50 tumors. Of the 13 calcium-sensitive tumors in the sample set, 10 were grouped together in Cluster 1. Contingency analysis by two-sided Fisher's exact test showed that the grouping of calcium-sensitive tumors within this cluster was highly significant (P = 0.0015); the exclusion of calciumresistant tumors from Cluster 1 also was significant (Fisher's exact test; P = 0.0035). Cluster 1 tumors featured increased levels of TNXB and LIN7A, consistent with the RNAseq data from calcium-sensitive tumors (Fig. 4) , along with elevated expression of other RNAseq-based calcium-sensitive candidate markers, including DDX43, HPSE, and SLC8A. Expression of mitochondrial genes such as CYCS, COX7B, ATP5G3, and ATP5A1 was relatively low among Cluster 1 tumors, as expected from the RNAseq data.
Calcium-resistant tumors were distributed roughly equally between Clusters 2 and 3. Cluster 2 appeared to have the strongest mitochondrial signature, with elevated expression of CYCS, COX7B, ATP5G3, and ATP5A1, a result consistent with the prior RNAseq data (Fig. 3) . Cluster 3 expressed generally lower amounts of these mitochondrial gene transcripts, although still at a somewhat higher level on average than the Cluster 1 tumors. In contrast to Cluster 2, Cluster 3 tumors expressed slightly higher levels of the protein trafficking gene SORL1 and the ECM protein C luster 2  Cluster 3   CYCS  COX7B  ATP5G3  ATP5A1  MME  SAMD11  RGS2  DIRC3  HYAL1  EFHD2  MAP7D2  DDX43  SPSB4  SEC14L4  PCYT2  FRK  VCAN  ADD2  CHGA  CASR  PTH  RPH3AL  P2RX2  GCM2  SORL1  HPSE  SLC8A1  TNXB  LIN7A O
Figure 6 Unsupervised clustering of differentially expressed genes in calcium-sensitive vs calcium resistant tumors using a Nanogene candidate gene codeset based on RNAseq data. The heat map depicts log2-transformed normalized expression levels for 29 genes (rows) in 36 different parathyroid adenomas (columns). Hierarchical cluster relationships based on Euclidean distances are shown above the heat map. Calcium-sensitive (low EC 50 ) tumors are indicated by 'L' below the heat map; tumors associated with osteoporosis are marked with 'O'.
were originally identified as candidate markers of calciumsensitive tumors. Tumors derived from PHPT patients with osteoporosis fell almost exclusively within Clusters 2 and 3, with only a single instance found in Cluster 1. The association between calcium-resistant tumor gene expression profiles and bone mineral density loss observed in this sample set provides molecular evidence supporting our earlier report of a link between tumor biochemical behavior and PHPT clinical presentation (Weber et al. 2017) .
Discussion
The data reported here, generated through three independent approaches analyzing non-overlapping sample sets, reveal that parathyroid tumors causative of PHPT can be subdivided into distinct classes based on molecular profiling. This finding is consistent with our earlier work demonstrating the segregation of parathyroid tumors into calcium-sensitive and calciumresistant functional groups, and further refines the concept that diversity in PHPT clinical presentation may be reflective of differences in the underlying molecular mechanisms driving the disease. The emergence of a distinct molecular signature associated with calciumsensitive tumors suggests that this subset of neoplasms shares a common etiology that may determine a disease course less likely to provoke bone density loss. The fact that calcium-resistant tumors appear to resolve into two transcriptional profile clusters suggests that the origin and behavior of these tumors may be more complex, perhaps reflective of alternative mechanistic pathways towards loss or attenuation of calcium responsiveness in incipient parathyroid tumor tissue. However, it is clear from our data that attenuation of calcium sensitivity in calcium-resistant tumors is not solely driven by silencing or loss of CASR expression as has been proposed (Farnebo et al. 1997 , Cetani et al. 2000 , Corbetta et al. 2000 . Since CASR mutations have been shown to be rare in sporadic PHPT adenomas (Arnold et al. 2002 , Cromer et al. 2012 , Brennan et al. 2013 , the underlying cause of failed calcium sensing in calcium-resistant tumors could involve additional components beyond CASR itself. Moreover, elevated expression of core mitochondrial components in calcium-resistant tumors suggests that diminished calcium sensing capacity or other physiological changes associated with the presence of this tumor class may create increased demand for electron transport chain capacity, calcium uptake, or other mitochondrial functions. Consistent with this idea, target genes induced by the transcriptional co-activator PPARGC1A, a master regulator of mitochondrial biogenesis, were found to be collectively enriched in calcium-resistant tumors. PPARGC1A, itself four-fold more abundant in calciumresistant (high EC 50 ) tumors (log2(fold change) = 2.21; P = 0.0006) has been shown to induce mitochondrial biogenesis in response to a wide range of metabolic stresses in diverse tissues, including the kidney, cardiac muscle, neuronal tissue, skeletal muscle, and vascular endothelial cells (Benton et al. 2010 , Yuan et al. 2012 , Xiong et al. 2013 , Lai et al. 2014 , Das & Sharma 2015 , Wang et al. 2015 . This central regulator could represent a key nodal point whose downstream targets collectively confer the calcium-resistant phenotype. Although proteomic analyses of parathyroid tumors have been limited to date, two prior studies (Giusti et al. 2011 , Varshney et al. 2014 ) comparing extracts from adenomatous and normal parathyroid tissues using 2D gel electrophoresis found a number of mitochondrial components to be expressed more highly in tumors than in normal tissues. Moreover, recent paper (Akpinar et al. 2017 ) describing a comparative proteomic study of parathyroid adenoma vs parathyroid hyperplasia tissue samples reported that mitochondrial components appeared to be more abundant in parathyroid hyperplasia samples relative to adenomas. This result is consistent with the idea that calcium-resistant (mitochondria-rich) and calciumsensitive (mitochondria-poor) adenomas may arise via distinct etiological mechanisms, with calcium-resistant tumors perhaps originating from hyperplastic tissue. It is possible that heterogeneity with respect to the relative abundance of mitochondria-rich parathyroid oxyphil cells could contribute to the apparent enrichment of mitochondrial components in calcium-resistant tumors. However, we did not observe any consistent relationship between tumor oxyphilic content and calcium response category, suggesting that mitochondrial accumulation may be occurring in parathyroid adenomas prior to or independent of the appearance of morphologically identifiable oxyphil cells. The functions of genes found to be differentially expressed between calcium-sensitive and calciumresistant parathyroid adenomas suggest divergent potential mechanisms underlying the distinct biochemical phenotypes observed in these tumors (Fig. 7) . For example, the preferential expression of ECM and protein trafficking genes in calcium-sensitive tumors could reflect a compensatory upregulation in components associated with CASR signal transduction, in response to chronically elevated serum calcium levels. ECM binding has been shown to play an important role in transmitting contextual cues required for appropriate CASR-mediated signal transduction (Tharmalingam & Hampson 2016) . Maintained expression of ECM genes such as TNXB in calcium-sensitive tumors could thus contribute to retention of CASR signaling capacity. Because intracellular trafficking of CASR is widely understood to be essential for receptor desensitization and maintenance of functional responsiveness in the constant presence of its cognate ligand (Chakravarti et al. 2012 , Breitwieser 2013 , Ray 2015 , components such as LIN7A that regulate transmembrane receptor intracellular movement could directly influence relative calcium-sensing capacity. LIN7A is involved in generating and maintaining a polarized distribution of channels and receptors at the plasma membrane, forming multiprotein complexes that regulate delivery and recycling of plasma membrane proteins to specific membrane domains (Rodriguez-Boulan & Macara 2014); diminution or loss of this key function could result in impaired CASR signaling in calcium-resistant tumors.
The known functions of additional differentially expressed genes could be envisioned to affect calcium responsiveness in parathyroid cells through other pathways (Fig. 7) . RGS2 (regulator of G-protein signaling 2) is a member of a protein family that modulates GPCR signaling and prevents receptor desensitization by deactivating G i alpha subunits of the heterotrimeric G proteins (Cunningham et al. 2001) . We have shown previously that RGS5, a member of the same subfamily of RGS proteins, can modulate CASR signaling (Koh et al. 2011) . P2RX2 (purinergic receptor, ligandgated ion channel 2) is a broadly expressed, membrane bound ATP-gated ion channel permeable to Na+, K+ and Ca+ that has been found to activate transport of these cations in a broad range of tissues (North 2002) . ADD2 (Adducin 2) is a member of a family of proteins that regulate calcium-dependent endothelial cell and epithelial junctional remodeling and other cellular activities by stimulating calcium influx through the plasma membrane (Rotzer et al. 2014 , Kugelmann et al. 2015 . Increased expression of these genes could help potentiate calcium signaling in calciumsensitive tumors. SEC14L4 (SEC14-like lipid binding 4) is a member of a protein family that potentiates phosphoinositide signaling and intracellular calcium flux, a key downstream pathway utilized by CASR and many other GPCRs, as well as regulating membrane trafficking (Mousley et al. 2007 , Bankaitis et al. 2010 . The differential expression pattern of genes such as these that are linked to calcium responsiveness, membrane trafficking and GPCR signal transduction provide an intriguing set of leads for mechanistic investigation.
The current study has limitations and strengths. While this report is the first to demonstrate differential gene expression patterns associated with alternative biochemical behaviors in parathyroid tumors, the cluster analysis groupings identified here do not yet represent definitive predictive signatures. For example, three of the calcium-sensitive tumors do not currently aggregate with the other ten sharing the same biochemical phenotype. This apparent misassignment can be rectified if we lower the threshold of called expression below our current, conservative setting, yielding three clusters but with a single cluster containing all 13 calcium-sensitive tumors (data not shown). The sensitivity of our provisional cluster analysis to threshold settings indicates that follow-up studies using larger sample sets will be required to extract robust standalone signatures capable of independent Functions of differentially expressed genes identified in the current study. The color of each oval indicates the log2-fold change in expression level in calcium-sensitive tumors relative to calcium-resistant tumors for each gene based on the color gradient index shown to the right. Genes expressed more highly in calcium-sensitive tumors are at the green end of the spectrum. Genes expressed more highly in calcium-resistant tumors are at the red end of the spectrum. Color gradients were generated using the Path Designer tool in the Ingenuity Pathway Analysis software package (12.18.2017) . CASR, calciumsensing receptor; ECM, extracellular matrix; GPCR, G-protein-coupled receptor; RER, rough endoplasmic reticulum. identification of tumor calcium-response capacity. Larger studies also could provide greater statistical power to refine phenotypic categorization by incorporating additional features with respect to clinical presentation, disease course, and outcome. Nonetheless, the primary finding of underlying molecular diversity among parathyroid tumors with differential calcium response characteristics represents a fundamental challenge to the current view of parathyroid tumors as essentially uniform entities. The visualization of distinct gene expression patterns among parathyroid tumors highlights the need for further investigation to define the mechanistic basis for these differences. Collectively, the findings presented here indicate that phenotypic diversity in PHPT clinical presentation may be due to previously unrecognized subclasses of parathyroid tumors with different biochemical behaviors and distinct molecular profiles. The observation of differential gene expression patterns among parathyroid tumors suggests that PHPT could arise through alternative mechanisms with potentially divergent clinical outcomes. Developing a deeper understanding of the causes and consequences of these molecular profile patterns could provide important and much-needed insight for optimizing the clinical management of PHPT, as best treatment practices for this disease remain subject to debate. While parathyroidectomy is the only definitive cure for PHPT, not all patients are surgical candidates. Moreover, significant uncertainty exists with regard to how to address the growing cohort of asymptomatic PHPT patients identified incidentally through automated serum screening. Many patients undergo long-term surveillance or medical therapy with bisphosphonate agents or cinacalcet without referral for surgery, while others are sent for surgical consultation, a variation in practice that potentially implies variation in quality of care. Attaining a clearer, mechanistic grasp of underlying differences in the origins and behavior of parathyroid neoplasias, and development of the means for prospective identification of these differences could provide an important new tool for personalizing the clinical management of PHPT to address the unique characteristics of each patient's tumor. Refinement and validation of the molecular profiles described here into consolidated, predictive metagene signatures will be an important goal for future studies.
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